Our previous investigations of some of the lesser-known canids suggested that deviations from the patterns exhibited by the more extensively studied species such as wolves and coyotes might be found in other canids. We used fecal estrogen and progestin profiles from captive colonies to describe the basic reproductive pattern of island foxes (Urocyon littoralis). Based on sustained increases in levels of fecal progestin as indicative of ovulation, we determined that 11 of 13 females housed with males ovulated. In contrast, we detected no ovulations in 10 females housed alone and only 1 possible ovulation among 10 additional females housed in female-female pairs. Of the 2 females with males that failed to ovulate, 1 did ovulate the subsequent year while with the same male, and the other failed to ovulate when paired with a yearling male, perhaps due to his immaturity and inexperience. Significantly higher fecal estrogen levels in ovulating compared to non-ovulating females suggest that estrus was induced by the presence of a male. However, these results cannot distinguish whether maleinduced estrus was followed by an induced or spontaneous ovulation, because estrogen levels indicative of estrus were always followed by ovulation. Fecal cortisol levels did not differ by ovulatory status, indicating that ovulation was not inhibited by stress mediated by glucocorticoids. Our results are the 1st to provide evidence of induced estrus, perhaps followed by induced ovulation, in a canid species, features that could have selective advantage for this less social, more secretive canid.
Although reproductive physiology has not been carefully studied in most canid species, the modal pattern reported has been spontaneous estrus and ovulation followed in non-fertile cycles by an obligate endocrinological pseudopregnancy (i.e., prolonged luteal phase) characterized by sustained elevation of progesterone for a period equal to that of pregnancy (Asa 1997 (Asa , 1998 Valdespino 1998, 2003) . However, most physiological data have been generated from the large social canids, such as the gray wolf (Canis lupus- Seal et al. 1979) , coyote (C. latrans- Kennelly and Johns 1976) , and African wild dog (Lycaon pictus), and from farmed red foxes (Vulpes vulpes- Maurel et al. 1984; Mondain-Monval et al. 1977 ) and arctic foxes (Alopex lagopus-Möller 1973) . Considerably less is known about the reproductive physiology of other canids. In our recent studies of fennec foxes (Vulpes zerda -Valdespino et al. 2002) and bush dogs (Speothos venaticus-DeMatteo et al. 2006) , we documented exceptions to the typical canid pattern of annual monestrous cycles. Additionally, in bush dogs, we showed that males can affect the timing of ovulatory cycles in females. Although Porton et al. (1987) hypothesized that the presence of a male might be necessary for estrus and ovulation to occur, the females in our study that were housed singly all had regular ovulatory cycles. However, with the introduction of a male, the interovulatory intervals became significantly shorter (DeMatteo et al. 2006) . Thus, although the male was not required for induction of estrus or ovulation, he did exert an effect on cycle dynamics.
Our experience with these other canids suggests that further deviations from the patterns exhibited by the few, more commonly studied species may remain to be described. The island fox (Urocyon littoralis) that has inhabited the northern Channel Islands off California for 10,000-16,000 years (Orr 1968) presented an opportunity to investigate the reproductive pattern of yet another little-known canid. Precipitous population declines in 1999 and 2000 required that foxes on San Miguel and Santa Rosa islands be trapped and held in captivity until the threats to their survival could be determined and mitigated. We monitored the gonadal hormones in fecal samples from the foxes, kept in different social groupings, to determine how they compared to the reproductive patterns described for other canid species.
MATERIALS AND METHODS
Animals.-Foxes were held outdoors in captive-breeding facilities on San Miguel and Santa Rosa islands, near where they had been trapped, and at the Santa Barbara Zoo, Santa Barbara, California, on the mainland but at a similar latitude. On San Miguel and Santa Rosa islands enclosures were Ushaped wire mesh (47 m 2 ) each with 2 den boxes. Enclosures were separated by a minimum of 2 m on San Miguel and by 16 m on Santa Rosa. At the Santa Barbara Zoo, foxes were maintained in two 7 Â 11.3-m outdoor enclosures each with access to a 2 Â 2.7-m holding area and den boxes. Husbandry routines were similar at all 3 facilities. Guidelines of the American Society of Mammalogists (Animal Care and Use Committee 1998) were followed in respect to animal capture, care, handling, and sample collection.
When sample collection began, the 10 females on San Miguel Island ranged in age from 1 to 8 years (Table 1) , the 8 on Santa Rosa Island from 1 to 4 years (Table 2), and the 3 at the Santa Barbara Zoo from 3 to 6 years ( Table 2) . Parity of the wildcaught females was unknown for all but those at the zoo, and the captive-born females were at puberty (1 year) when 1st studied.
Sample collection and handling.-Fecal samples were collected during the breeding season (mating typically occurred in Fecal samples were collected from the enclosures as part of the typical husbandry routine, requiring no disturbance or handling of the foxes. For animals housed in pairs, feces of individuals were distinguished by the presence of plastic beads with embedded color that remain inert in the digestive tract (Asa et al. 1986; Valdespino et al. 2002) . A different bead color was fed to each animal in a meat treat the previous day.
For 2 female-female pairs, feces were identified by genetic analysis. Two microsatellite loci were typed from DNA extracted from feces. Individual identity was established by comparing genotype scores to those based on blood samples from females. Fecal extractions were performed using the QIAamp DNA stool kit (Qiagen Inc., Hilden, Germany). Blood extractions were performed using the Blood & Cell culture DNA mini kit (Qiagen Inc.). Two canid-specific microsatellite loci were amplified in each sample (FH2137 and C5.213- Breen et al. 2001 ). The following polymerase chain reaction conditions were used: 5 ll DNA extracted from feces or 50 ng DNA extracted from blood, 0.2 mM deoxynucleoside triphosphates, 2.5 mM MgCl 2 , 1X DNA reaction buffer, 1.0 mg/ml bovine serum albumin, and 0.8 units of Taq DNA polymerase (Sigma, St. Louis, Missouri) in a reaction volume of 25 ml. A MWG Biotech thermocycler (MWG-Biotech, Inc., Ebersberg, Germany) was used for polymerase chain reaction amplification. An initial denaturation was performed at 948C for 5 min, followed by 30 (blood)-40 (feces) cycles of denaturation at 948C for 45 s, annealing at 54-588C for 45 s, and extension at 728C for 1 min. A final extension period at 728C for 5 min was performed at the end of the 30-40 cycles. The samples were then run on an ABI 3700 sequencer (Applied Biosystems, Foster City, California) and analyzed with Genotyper Software version 3.7 (Applied Biosystems). Hormone analyses.-Samples were stored frozen and shipped on dry ice to the Endocrine Lab at the Saint Louis Zoo. Fecal steroids were solubilized using a modification of the method of Shideler et al. (1993) by Bauman and Hardin (1998) . Progesterone, 17b-estradiol, and cortisol were quantified by radioimmunoassay as described in Valdespino et al. (2002) and Gulland et al. (1999) . Although the antibodies were highly specific, their cross-reactivities with all possible metabolites in feces have not been determined. Because metabolites may have been measured as well, the results are best characterized as fecal estrogens, progestins, and glucocorticoids.
Because data for ovulatory females had to be normalized around the day of ovulation, but such normalization was not appropriate for nonovulatory females, standard parametric tests such as repeated-measures analysis of variance could not be used. Thus, differences between fecal hormones of ovulatory and nonovulatory females were analyzed using a nonparametric bootstrap technique, a restricted Mantel analysis with ovulation as the restricting hypothesis and time (date) as the distance effect (Mantel Program, version 4.0-Casgrain 2004) .
RESULTS
Using a sustained increase in the level of fecal progestin as indicative of ovulation, we determined that 11 of the 13 females housed with males ovulated (Tables 1 and 2 ). In contrast, we detected no increase in fecal progestins indicative of ovulation in 10 females housed alone (Tables 1 and 2; Fig. 1 ). Among 10 additional females housed in female-female pairs, only 1 female may have ovulated (Table 2; Fig. 2 ). Fecal glucocorticoid levels did not differ by ovulatory status. For the 2 females that failed to ovulate despite access to a male, 1 did ovulate during her 2nd year in captivity, while with the same male. The other female failed to ovulate when paired with a yearling male. The restricted Mantel analysis of fecal estrogen levels comparing ovulatory and nonovulatory females revealed a significant difference (P ¼ 0.036).
Most of the females housed alone or with other females were young (1 or 2 years of age), whereas more of the females housed with males were older (2-7 years), and there were no 1-year-old females paired with males to test the potential for ovulation in that age group (Tables 1 and 2 ). However, no ovulations were detected in females in the older age range that were not housed with males (6 on San Miguel in 2001 and 2 on Santa Rosa in 2002; Tables 1 and 2), demonstrating that maturity was not sufficient for ovulation to occur. There was no evidence that age was the only factor associated with probability of estrus and ovulation.
Failure to ovulate was seen in females housed without males on both the islands, and the numbers of those females was roughly equal between islands. However, we were not able to collect samples from females housed with males on Santa Rosa Island because of management restrictions, but the production of pups by 6 of 12 female-male pairs was evidence of ovulation in at least those 6 females. Only 1 of the 3 females housed with a male at the zoo failed to ovulate, the one with a yearling male. Among those paired with males and documented as ovulating, at least 6 of 11 had pups. More may have been pregnant and given birth, but den boxes were not checked for presence of pups. Documentation of pups typically was made after they were old enough to emerge from the den box, so the number of females seen with pups likely underestimates pregnancies. In summary, regardless of location or age, females housed with males were likely to ovulate, whereas those housed alone or with other females were not.
DISCUSSION
These results for island foxes are the 1st demonstration of induced estrus and perhaps induced ovulation in a canid. The differences between female foxes housed either with or away from males were not dependent on age, parity, or location. Previous studies have reported that canids have both spontaneous estrus and ovulation (reviewed by Conaway 1971; Asa 1998) . In contrast to other canid species, significantly higher levels of fecal estrogens in female island foxes housed with males indicate that interaction with a male may be required to fully stimulate follicular growth and estrogen secretion. The observation that only females with these higher estrogen levels went on to ovulate also could be consistent with spontaneous ovulation, but because they were allowed full access to male partners, the possibility of copulatory-induced ovulation cannot be eliminated. In fact, for most species characterized by induced estrus, ovulation also is induced (Conaway 1971) . Induced estrus coupled with induced ovulation has perhaps been best described in the genus Microtus (Gray et al. 1974) . The only exception to induced estrus being followed by spontaneous ovulation so far reported is for a cavy (Galea musteloides- Touma et al. 2001) .
The best known influence of the presence of males on estrus is to advance the onset of estrus or even of puberty (1st estrus), as described for laboratory mice (Mus musculus), a phenomenon shown to be mediated by urine from males acting as a priming pheromone (Bruce 1959; Vandenbergh 1969; van der Lee and Boot 1956; Whitten 1959) . However, those females can initiate follicle growth and undergo estrous cycles and ovulation (including puberty) even in the absence of males. Our results for island foxes suggest that a male is required for induction of estrus.
Even female foxes in the current study not housed with males had males nearby, which may have been sufficient to stimulate at least some follicular growth and estrogen production. The possible estrus and ovulation in 1 female housed only with another female indicates that direct contact with a male is not a strict requirement, but that social stimulation from another female may be sufficient in a limited number of cases. Although reports are not available for induction of estrus, both spontaneous and socially facilitated ovulation have been described for other species with induced ovulation (e.g., domestic cat [Felis catus -Lawler et al. 1993 , African lion [Panthera leo-Schmidt et al. 1979 , and raccoon [Procyon lotor- Morris 1975] ).
There have been numerous discussions of selective advantages of induced versus spontaneous ovulation (e.g., Milligan 1982; Weir and Rowlands 1973; Zarrow and Clark 1968) , but much less discussion of selection for induction of estrus, whether followed by induced or spontaneous ovulation. Although induction of estrus appears often to be coupled with induction of ovulation (Conaway 1971; Gray et al. 1974 ), the reverse is not true. Indeed, many induced ovulators have spontaneous estrus (Conaway 1971) , indicating separate evolutionary processes.
Neither induced estrus nor induced ovulation has been reported in any other canid species. Induced ovulation, which is thought to be the more primitive form by some (e.g., Conaway 1971) , is considerably more common among the Carnivora than other mammalian orders (e.g. felids, mustelids, and ursids-see Hayssen et al. 1993) . The island fox is closely related to the gray fox (Urocyon cinereoargenteus), reported to be one of the 3 most ancestral canid species (Wayne and O'Brien 1987) , which might explain it exhibiting a more ancestral reproductive mode. However, there is as yet no information on mode of ovulation for the gray fox.
Most female island foxes on the northern islands mate in February or even earlier, but the breeding season of individual females may extend at least into mid-March if they are not introduced to a male until that time (S. Timm, pers. comm.). An expanded breeding season for individual females would increase the potential for reproduction, compared to other canids in which spontaneous estrus and ovulation are followed by a lengthy luteal phase that precludes another ovulation that season. The question remains whether other small canids might also have induced estrus, induced ovulation, or both, features that could have obvious selective advantage for these less social, more secretive species. Unfortunately, details of reproduction have not been systematically studied in this taxon.
